Abstract. Large in situ measured ship-induced depression waves (Bernoulli wakes) in the Malamocco-Marghera industrial channel of the Venice Lagoon are interpreted as long-living strongly nonlinear Riemann (simple) waves of depression. The properties of these depressions are numerically replicated using nonlinear shallow water theory and the CLAWPACK software. The further behaviour of measured depressions is analysed by means of replicating the vessel-induced disturbances with the propagation of initially smooth free waves. It is demonstrated that vessel-driven depressions of substantial height (> 0.3 m) often propagate for more than 1 km from the navigation channel into areas of the lagoon of approximately 2 m water depth. As a depression wave propagates into the lagoon, its front slope becomes gradually less steep, but the rear slope preserves an extremely steep bore-like appearance and the amplitude becomes almost independent of the initial properties of the disturbance. Analysis suggests that even modest ships in terms of their size, sailing speed, and blocking coefficient may generate deep depressions that travel as compact and steep entities resembling asymmetric solitary waves over substantial distances into shallow water adjacent to navigation channels. Their impact may substantially increase the environmental impact of ship wakes in this and similar water bodies.
INTRODUCTION

*
The classical theory of linear (Kelvin) ship waves (e.g., Wehausen, 1973; Newman, 1977; Lighthill, 1978; Kuznetsov et al., 2002) adequately describes the geometry of wave crests and several features of the distribution of wave heights for ships that sail steadily over a sea area of constant depth under low (depth-and length-based) Froude numbers. An increase in either of the Froude numbers leads to a wide range of nontrivial and often nonlinear phenomena. Sailing at moderate and nearcritical depth Froude numbers (0.6 ≤ F d < 1) leads to the widening of the Kelvin wedge (the area filled with * Corresponding author, soomere@cs.ioc.ee waves that are stationary with respect to the ship) (Sorensen, 1973) . This process is associated with the generation of long and long-crested leading waves. The resulting almost non-dispersive transient wave groups usually consist of a few crests that may result in substantial environmental impacts not only in the immediate vicinity of the sailing line (Parnell and Kofoed-Hansen, 2001 ) but also at a distance of many kilometres (Soomere, 2005; Parnell et al., 2007) . These waves are often preceded by precursor solitons (Ertekin et al., 1984) that may be generated at depth Froude numbers as low as about 0.2 (Ertekin et al., 1986) . Such structures often result in high water velocities (Neuman et al., 2001) , elevate shoreline water levels (Soomere et al., 2011) , and are capable of building long-living rogue waves in shallow water (Peterson et al., 2003) . An increase in the length-based Froude number at supercritical speeds may lead to Mach-type wave systems (Rabaud and Moisy, 2013; Darmon et al., 2014) in which the highest waves are located inside the Kelvin wedge (Noblesse et al., 2014) .
Several components of vessel wakes may threaten ecosystems (Ali et al., 1999) and the users of the nearshore (Hamer, 1999) and the coast (Krylov, 2003) in regions where the levels of natural wave energy are normally small. Under specific conditions and in areas that are sheltered from ocean waves but exposed to significant ship traffic, vessel wakes may become a major factor in the dynamics of the coastal zone (Parnell and Kofoed-Hansen, 2001; Soomere, 2007) . This feature has led to numerous attempts towards regulation of ship traffic in terms of the limitation of the wave height (Stumbo et al., 1999; Parnell and Kofoed-Hansen, 2001; Varyani, 2006) . Most of these regulations set limits on just a single property of the wave field or on a characteristic single wave component of the entire system of disturbances generated by a vessel, usually the highest waves (Macfarlane et al., 2014) . This policy is generally inadequate as a craft that operates in relatively shallow water usually excites an extremely complex wave pattern that may substantially vary both in physical and spectral space (Torsvik and Soomere, 2008; Sheremet et al., 2013; Torsvik et al., 2015) . For example, a supercritical bore causes an abrupt elevation of water level that may result in a surge wave at the coast (Gourlay, 2001; Gourlay and Cook, 2004) .
Moreover, this policy is often limited to the properties of either oscillatory motions of the water or to the waves of elevation. It is commonly accepted that for ship-generated disturbances the most significant environmental impacts come from almost non-dispersive wave groups of significant amplitude (Soomere, 2005) . These groups, similar to tsunamis (Didenkulova et al., 2011b) , may propagate over considerable distances, and may cause environmental damage and a hazard for people and property because their height and steepness (and consequently water velocities) are often amplified by shoaling. This understanding, however, implicitly reflects the properties of solutions of common equations for weakly nonlinear water waves (such as Kortewegde Vries (KdV) or Kadomtsev-Pethviashvili equations). These equations may only have waves of elevation as their valid solitary-wave solutions.
A common effect of sailing at moderate and high depth Froude numbers (equivalently, in relatively shallow water) is the formation of a depression region (often called Bernoulli wake) in the ship's vicinity (Akylas, 1984; Grimshaw and Smyth, 1986; Lee et al., 1989) . Its presence reflects a common feature of another class of weakly nonlinear disturbances -solutions of the KdV equation called undular bore, a phenomenon known theoretically for more than 60 years (Benjamin and Lighthill, 1954; Peregrine, 1966) . This effect is common in numerical experiments of one-dimensional ship motion where it becomes evident as a gradually lengthening region of depression of nearly uniform depth (Baines, 1997; Torsvik et al., 2009a Torsvik et al., , 2009b . It is a well-known feature in navigational channels where it causes the draw-down effect usually called squat (Constantine, 1961; Graff, 1962; Naghdi and Rubin, 1984) . As it is a major source of danger in shallow water navigation (Millward, 1996; Gourlay, 2003) , squat has been well documented (e.g. Gourlay and Tuck, 2001; Gourlay, 2006) and its forecast is made routinely (El-Kader et al., 2003) .
Similar depression regions are always formed when a ship is sailing at moderate depth Froude numbers. They are often detected as dangerous water level drawdowns at the banks of navigable rivers (Balzerek and Kozlowski, 2007) or in harbours adjacent to shallow waterways (Forsman, 2001) . While the depression area is usually thought to be concentrated in the vicinity of the hull, in some situations the depression may start travelling as a free wave. The situation is particularly complicated if the wave amplitude is large enough for nonlinearity to affect the wave propagation. As the wave propagates over shallow areas and finally impacts the shoreline, the effect of nonlinearity will lead to different behaviours of waves depending on the wave polarity. These differences have been extensively studied in tsunami research (e.g., Carrier et al., 2003; Fernando et al., 2008) . However, most of the relevant studies have only addressed the classical solitary wave solutions to (weakly) nonlinear shallow-water equations, which are waves of elevation. The classical KdV model indicates that a sequence of elevation waves is rapidly formed from an initial depression (Arcas and Segur, 2012) , with the leading elevation wave at the rear end of the depression being up to twice the height of the depression (Grimshaw et al., 2014) .
The generation of a depression wave is particularly problematic if the navigation channel is surrounded by wide shallow-water areas. The classic case is the Venice Lagoon (Rapaglia et al., 2011) . The depression waves may spread far away from the sailing line and substantial waves of depression have been reported at a distance of many hundreds of metres from the channel (Rapaglia et al., 2011) . The rear of the depression often induces a bore-like feature at a certain distance from the generation area (Ravens and Thomas, 2008) . The resulting events have a characteristic deep leading trough, followed by a set of crests (Gelinas et al., 2013) . This scenario is common in the analysis based on nondispersive shallow-water propagation in wave systems led by a wave of depression. Such systems are particularly prone to the formation of steep slopes and high velocities (Didenkulova et al., 2014) . This is a probable reason why ship-induced depression waves often play an unexpectedly large role in sediment resuspension (Rapaglia et al., 2011; Gelinas et al., 2013; Göransson et al., 2014) .
Although weakly nonlinear theories provide an accurate qualitative picture of the various effects in areas to which depression waves propagate (Grimshaw et al., 2014) , quantitative analysis of the fate of the largest examples of depression waves requires the application of fully nonlinear approaches. A recent study (Parnell et al., 2015) demonstrated that ships of fairly moderate size (blocking coefficient 0.07-0.14) and sailing at low to moderate depth Froude numbers (0.37-0.5) produce depressions with a depth up to 2.5 m at the border of the navigation channel. These waves decrease in height away from the channel but they obviously cannot be treated as linear or weakly nonlinear in the surrounding lagoon with the average depth of only 0.8 m. A feasible way to address these structures is the framework of fully nonlinear Riemann (or simple) waves (Whitham, 1974) .
In this study we focus on the possibilities of numerical reconstruction of the propagation of such waves of depression in the Venice Lagoon. As discussed above, weakly nonlinear approaches are only conditionally valid for the depressions that may almost dry the seabed in shallow areas adjacent to the channel (Parnell et al., 2015) . In the framework of fully nonlinear shallow-water theory, Riemann waves of depression may exist as free waves and propagate to substantial distances (Whitham, 1974; Didenkulova et al., 2006) . The distinguishing feature of such waves, as is the case for ship-induced depression waves, is the development of a V-like shape with an extremely steep, often borelike rear slope. It is likely that large-amplitude Riemann waves of depression become strongly asymmetric when they propagate into and through shallow water surrounding the navigation channel (Pelinovsky and Rodin, 2012) .
The central question addressed in this paper is how far these waves may propagate from the region of generation. The previous research (Parnell et al., 2015) demonstrated that the technique of Riemann waves makes it possible to replicate the qualitative features of evolution of the wave shape over about 100 m along both almost horizontal and sloping shallow side banks of the channel. To shed light on the further evolution of these vessel wakes, it is necessary to reach a quantitative match of the simulated and measured wake properties. We first provide a systematic way to initialize the relevant numerical simulations so that the basic quantitative properties of ship wakes are satisfactorily reproduced for the entire sequence of wave measurement locations. Comparison of several dozens of reconstructions of the wave properties over side banks of the navigation channel provides an indication of the reliability and uncertainty of these reconstructions. Finally, the evolution of several examples of numerical replications of the observed depressions is tracked over many hundred metres into the lagoon. The core result is an estimate of the distance at which such depressions still have a substantial amplitude and are capable of providing high nearbottom velocities.
DATA AND METHODS
Field observations of ship-induced waves of depression in the Venice Lagoon
The analysis of the propagation of depression waves in shallow water is based on measurements performed in spring 2014 in the Venice Lagoon, Italy. With a surface area of about 550 km 2 it is the biggest lagoon in the Mediterranean region (Brambati et al., 2003; Madricardo and Donnici, 2014) . As this lagoon is an extremely shallow water body (average depth 0.8 m), its water circulation is mainly controlled by tidal excursion, which ranges between 0.3 and 1.1 m. Water exchange with the open sea occurs through three inlets, whose depths range from about 10 m to more than 17 m for the Malamocco inlet.
The lagoon was intensely modified through centuries with two main goals: preventing sediment deposition in the areas around the city of Venice (for defence purposes) and stabilization of the inlets and barrier islands. The first goal was achieved by a series of modifications, which ended with the diversions of larger rivers (Brenta and Piave) into the sea, completed in the 16th century. This intervention has played a role in aggravating more recent problems of subsidence, natural and human-caused, and sea-level rise. The second goal was also achieved with a series of adjustments that ultimately led to the protection of barrier islands with seawalls in the 18th century and the construction of jetties at the three inlets between the late 19th and the early 20th century (Brambati et al., 2003) .
The development of the Porto Marghera Industrial Area between 1920 and 1970 directly to the west of Venice on the mainland coast ( Fig. 1) was accompanied by dredging a new navigation channel (the MalamoccoMarghera channel, locally known as Canale dei Petroli) connecting the industrial zone to the Malamocco inlet. With a total length of 20 km, a width of about 200 m in the east-west section and 100 m in the north-south section, and a depth of 12 m, this channel is able to accommodate medium-sized container ships, bulk carriers, and tankers. The channel leads to the south of Porto Marghera along the mainland coast for 14 km and then turns sharply towards the Malamocco inlet (Rapaglia et al., 2011) . (Parnell et al., 2015) . Reprinted by permission from Elsevier.
As shown by the analysis of bathymetric surveys (Sarretta et al., 2010) , severe erosion of the central lagoon basin occurred from 1970 to 2000, in the period following the opening of this waterway. Sediment transport studies by Defendi et al. (2010) showed that more recently the sediment loss from the Malamocco inlet was considerably lower than expected from the trend of bathymetric changes.
The potential environmental impact of ship traffic in this channel, in particular the impact of depression waves of substantial height generated in the channel and further penetrating into the lagoon, has been of considerable concern in the recent past (Rapaglia et al., 2011; Gelinas et al., 2013; Parnell et al., 2015) . The trough of the depression waves is preceded by a much smaller crest and followed by a slightly larger crest. When propagating from the channel to the shoals of the lagoon, the depth of the trough decreases to some extent but the rear slope of the trough steepens and becomes bore-like. The greatest water velocities (measured near the seabed up to 2.1 m/s) and most of sediment resuspension are associated with the rear slope. Such disturbances travel many hundreds of metres into the lagoon. The frequent events of high hydrodynamic activity associated with ship traffic in the channel maintain the concentration of suspended sediment at high levels for a considerable time. The suspended material may be transported by tidal currents and the currents associated with depression waves in the vicinity of the channel. Eventually sediment may be deposited in the navigation channel, where frequent dredging is required to maintain the navigation depth. The volume of dredged materials is comparable to the sedimentary budget of the lagoon as calculated from bathymetric changes (Autorità Portuale di Venezia, Venezia Porto Verde -Iniziative ambientali per il Porto di Venezia, Venice, Jan 2010, http://newweb. riminifiera.it/upload_ist/AllegatiProgrammaEventi/Casa rin%2009_368584.11.pdf).
Wake measurements
The wave measurements used in this study to initialize the calculations of nonlinear wave propagation over shallow areas were performed on the banks of the Malamocco-Marghera industrial channel ( Fig. 1) . At the study site, the channel is 11-12 m deep and its bottom is 60 m wide. This waterway is bordered by relatively steep slopes (~ 10%), which rise over 30-40 m so that the water depth decreases from 12 m to about 4 m (Fig. 2) . The western (mainland) side of the channel bank has a constant slope (~ 3%). It is bordered by an about 1 m high erosion scarp approximately 150 m from the channel edge. The eastern (lagoon) side bank of the channel has a depth of about 2 m and is separated from the rest of the lagoon by a semi-permeable rock wall. The wall was built about 90 m from the edge of the channel to prevent the penetration of ship wakes into shallow water areas of this part of the Venice Lagoon. The bottom of this bank has a relatively constant slope of ~ 2% towards the channel. Water moves freely through gaps in the wall between the channel and the lagoon; however, the wall absorbs most of the energy and momentum of vessel wakes.
The measurements were performed at eight locations (four on both sides of the channel) (Fig. 2) . Waveinduced pressure fluctuations were recorded at either 2 Hz or 5 Hz using pressure sensors mounted on the seabed (B1-B3 and W1-W3 in Fig. 3 ) or suspended from the channel markers (B0 and W0). The sensors were incorporated in various time-synchronized selfrecording instruments (four InterOcean S4 current meters, one RBR Virtuoso wave gauge, one Ocean Seven CTD, two Esterline pressure sensors). The maximum synchronization error is ± 10 s (Parnell et al., 2015) , which is immaterial from the viewpoint of this study where only the magnitude and shape of the dis- (Parnell et al., 2015) are partly missing due to an equipment failure. Note that gauges at W0 and B0 were not deployed on the seabed but were fixed to channel markers and that gauge B3 was moved by a strong wake about 3 h after the record begins.
turbances are employed. The reader is referred to Parnell et al. (2015) for further information.
Vessel wakes were recorded over four sampling periods of 2 to 6 days in March and April 2014. Figure 3 provides an example of water surface level records from different gauges as actual water depths at the measurement sites for the 24 hours' time interval from 12:00 on 01 April to 12:00 on 02 April 2014. It is generally expected that ships sailing at depth Froude numbers about 0.5 should excite transient sign-variable wave groups or solitary waves of elevation both in channels and in shallow areas of the open sea (Ertekin et al., 1986; Neuman et al., 2001; Soomere, 2007) . Somewhat counter-intuitively but characteristic of this location (Rapaglia et al., 2011; Gelinas et al., 2013) , the ships did not produce any substantial waves of elevation. This property can be to some extent explained by relatively low speeds (7-11.4 knots) and associated depth Froude numbers (0.34-0.53; Table 1 ). The dominant feature of many ship passages is a deep depression with a total duration of ~ 400 s with a solitary V-shaped trough typically lasting ~ 80 s (Parnell et al., 2015) . It was shown previously that there is huge variability in the properties of wake waves of analogous ships in shallow open sea areas (Kurennoy et al., 2009) . Similarly, the characteristics of the depression waves produced by different vessels vary significantly. Interestingly, the wake properties are often different on opposite sides of the channel for the same vessel (Parnell et al., 2015) . This feature may reflect the position of the ship in the channel or the different morphology of the channel margins (or both).
The maximum water level drop recorded during the entire measurement campaign occurred with the passage of the Abu Dhabi Star, a relatively large but not exceptional ship sailing at a moderate speed (Parnell et al., 2015) . The trough depth excited by this vessel at the western edge of the channel (location B0) was 2.52 m from still water level. As a small but quite long wave of elevation preceded the depression, the total water level dropdown was 2.58 m (Parnell et al., 2015) . The depths of depression waves exceeded 1.5 m on several other occasions, which is much larger than previously reported (Balzerek and Kozlowski, 2007; Rapaglia et al., 2011; Göransson et al., 2014) .
As none of the recorded depressions had an elongated almost horizontal trough (which is suggested by weakly nonlinear simulations; Torsvik et al., 2009a Torsvik et al., , 2009b , they apparently had a strongly nonlinear nature. The depressions were almost symmetric in time with respect to their deepest point at the margins of the navigational channel but became gradually asymmetric with propagation away from the channel (Fig. 4) .
The amplitude of the wave clearly decreased when reaching the side bank but did not change significantly from one device to another over the bank. Instead, a front/rear asymmetry of the wave profile was developed. The front slope of the depression became gradually less steep while the rear slope rapidly became steeper and the overall appearance of the wave resembled a strongly skewed V-like shape. As suggested by weakly nonlinear analysis of such disturbances (Grimshaw et al., 2014 ), a sequence of waves of elevation was developed at the end of the rear slope so that the water surface usually exceeded the undisturbed level at the end of some of the depression events. Almost all records revealed the development of a step or a sequence of smaller steps on the rear slope of the depression wave (Parnell et al., 2015) . This is consistent with the results of numerical simulations of strongly nonlinear evolution of deep depression waves (Didenkulova et al., 2011a) .
Interpretation of ship-driven depressions as Riemann waves
The presented material and a recent study (Parnell et al., 2015) show that weakly nonlinear approaches fail to replicate the properties and propagation of ship-induced depressions in shallow areas of the Venice Lagoon. Even if only a few ships are able to produce extremely large depression waves at the border of the navigation channel and the heights of these waves decrease away from the channel, on many occasions a depression of about 0.5 m penetrated to the surrounding shallow water areas. As the average depth of the lagoon in these areas is from 1 to 2 m (which is somewhat deeper than the average lagoon because of the strong erosion that followed the opening of the navigation channel), these waves are generally strongly nonlinear. A feasible way to address the evolution and propagation of such depressions is the framework of simple or Riemann waves. The relevant technique, a valuable tool in nonlinear acoustics (Rudenko and Soluyan, 1977; Engelbrecht et al., 1988) , has been applied to track long waves of any polarity in shallow water (Didenkulova et al., 2006; Zahibo et al., 2008) . If the waves can be assumed to be (at least locally) longcrested, the motion of extremely long wave troughs produced by ships and propagating over very shallow water in ideal conditions can be approximately described by the following system of equations (Whitham, 1974) :
Here h is the unperturbed water depth, η is the water surface displacement, u is the depth-averaged horizontal velocity, 9.81 g = m/s 2 is acceleration due to gravity, x is the horizontal coordinate along the wave propagation direction, and t is time. These equations are, formally, exact up to the wave breaking. They can be applied for the motion of long waves of any amplitude, even extremely high, on condition that dispersion does not play a perceptible role. As the shipinduced depressions with a duration of ~80 s are extremely long when propagating in 1-2 m deep water, this condition is effectively satisfied.
It is convenient to rewrite Eqs (1) in a flux form
where ( ) ( ) H h x x η = + is the total water depth. A Riemann (or simple) wave is the classical solution to Eqs (2). For one-dimensional waves this solution can be presented as (Rudenko and Soluyan, 1977; Engelbrecht et al., 1988; Pelinovsky and Rodin, 2012) :
where ( , ) H x t is the shape of the water surface, 0 ( ) H x is the initial water surface profile, ( , ) u x t is the associated flow speed, and gH and ( , ) u x t gh = are long wave speeds (the maximum phase and group speed for surface waves at a given depth) for water depths of H and , h respectively. The properties of Riemann waves on water surface are extensively described e.g. by Whitham (1974) , Didenkulova et al. (2006) , Zahibo et al. (2008) , and Pelinovsky and Rodin (2012) . As is common for long water waves, it follows from Eqs (3) that the local speed of nonlinear wave propagation
depends on the local value of the total water depth . H As ship-induced disturbances addressed in this paper are waves of depression, from Eq. (4) it becomes clear that they propagate slower than the linear long wave speed . gh
Differently from several families of weakly nonlinear equations (Grimshaw et al., 2014) , solution (3) may be a long-living wave of depression. For this reason solution (3) has been often used to analyse the evolution, properties, and interactions of non-natural waves produced, for example, by a wavemaker (Didenkulova et al., 2006 (Didenkulova et al., , 2011a Zahibo et al., 2008) . Such waves tend to form a skewed shape with a steep rear slope. There exists a sort of limiting amplitude for Riemann waves of depression. Such a wave can only survive for a reasonable time if its trough is not too deep. If the initial disturbance η (or the relative depth of the depression for waves propagating over an uneven seabed) exceeds the threshold | | (5 9) , h η = or equivalently, if the thickness of the water sheet at the deepest point of the trough is (Pelinovsky and Rodin, 2012) 
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the trough velocity (4) becomes negative and different parts of the wave profile start to propagate in different directions (in the coordinate system associated with the overall propagation of the disturbance). Consequently, the steep rear front is formed almost immediately and the wave would almost instantly break (Didenkulova et al., 2006; Zahibo et al., 2008) . Some nonlinear effects such as a reflected wave from the shock front can occur (Pelinovsky and Rodin, 2012) . However, at this instant, Eqs (1) fail to describe the further behaviour of the depression. It is likely that a bore-like feature is rapidly formed and that intense turbulence damps the energy of the motion.
Numerical simulation of ship-induced Riemann waves of depression
Simulations of ship-induced wave trough propagation and transformation over shallow banks are performed using the CLAWPACK software package of FORTRAN and Python subroutines. The major tool is the GEOCLAW package, a specialized version of CLAWPACK routines modified to address certain geophysical flow problems. This software solves the timedependent hyperbolic system of partial differential Eqs (2) using the method of finite volumes (LeVeque, 2004) . The quality of the simulations was monitored by means of tracking the exactness of the conservation of mass. This conservation law is satisfied with an accuracy of 10 -6 %, a value used in earlier simulations of the propagation and interactions of Riemann waves (Didenkulova et al., 2011a ). As we are interested in longrange propagation of waves of depression, Sommerfeldtype artificial radiation conditions (Sommerfeld, 1949) were applied at each side of the computational domain.
In this paper we work with depression-wave data recorded during one of the observation campaigns (three continuous records, about 30-36 h each; see Parnell et al., 2015 for information about the entire pool of records). These records contain 20 identifiable wakes. The larger examples of wakes were clearly identified and corresponded to particular ships (12 ships in total, Table 1 ). Five smaller wakes remained unidentified. To make the results comparable with the ones presented in (Parnell et al., 2015) , simulations matching the wake of the Domenico Ievoli (22 April 2014) were added into the pool. As separate runs were made for waves propagating from the channel margin to the coast and the lagoon side, the pool of simulations contains 40 runs. The results of these simulations were compared with a total of 269 gauge signals (at some locations and times certain gauges were not working). Ship speeds were retrieved from data transmitted by the Automatic Identification System (AIS). Water level in each simulation was chosen as it was at the time of the ship passage.
Calibration of the initial conditions
The initial shapes of the depressions for simulations were constructed based on measured wake properties at the channel margins (B0 and W0). It is not obvious whether the measured depressions were forced disturbances or were already propagating as free waves. As we are specifically interested in the far field of the propagation of vessel wakes in the lagoon, to a first approximation we assumed that the depression was already travelling as a free wave at the margin of the channel. For ships moving in a strongly nonlinear regime the leading wave is a deep depression of a generally symmetric shape that resembles a Gaussian distribution with negative polarity (Torsvik and Soomere, 2008; Torsvik et al., 2009b) . This assertion is consistent with a specific skewed V-like shape of the depression at the margins. This shape is a natural consequence of the evolution of initially smooth and symmetric deep depressions (Pelinovsky and Rodin, 2012) . Based on these arguments, we assumed that the depression wave was initially (at the location of generation) symmetric with respect to time (or the ship motion).
It is also reasonable to presume that after some time (or at a certain distance from the sailing line) the details (shape, asymmetry, etc.) of vessel wakes are no longer directly connected with the properties of the hull and are defined by generic rules that govern the propagation of depressions of a certain amplitude. To test this assertion, we ran simulations with smooth soliton-like pulses and depressions of the shape of an inverted Gaussian bell. The exact shape of the initial pulse only insignificantly affected the results of simulations along the side banks. Therefore, to initialize ship-driven water disturbances we used a Gaussian bell shape of negative polarity
Here 0 A is the initial amplitude of the trough and l is the characteristic half-size of the initial impulse.
To simulate the propagation of vessel wakes, the initial shape (6) was allowed to evolve over some distance in deeper water (the depth matching the average depth of the navigation area in the channel, Fig. 2 ), after which it propagated along the steep slope of the waterway (Fig. 5) . The best visual match of the wave profile at the numerical gauge at the channel margin with those measured for vessels in Table 1 was found for the propagation time of 150 s (Fig. 5) . This time was then used to initialize all the simulations.
The initial parameters of the depression were found iteratively from the match of two parameters of the simulated wake with the measured water level signal at the relevant channel margin (W0 or B0). Firstly, the amplitude 0 A was chosen so that the maximum simulated depression equalled the height of the measured depression. Secondly, the width 2l was chosen so that the width of the depression at 1/3 of the maximum depth equalled the similar width of the measured depression. As demonstrated in Fig. 5 , the amplitudes of the initial smooth Gaussian-shaped depressions are much less than the heights of the depression waves at the channel margins.
The associated velocity field was derived from Eq. (3) and the sign of the velocities was assigned so as to ensure wave propagation away from the channel. The shape of the bottom profile within the limits of Fig. 2 was taken from the measurements that had a resolution of approximately 1 m. The measured data were linearly approximated to a grid with a step of 20 cm. A refinement of the grid step by 2-3 times led to maximum differences in wave amplitudes of less than 0.5%. The water depth was assumed to be constant in more remote locations. The length of the time step (0.5 s) was restricted by the Courant-Friedrichs-Levy condition.
To a first approximation, we ignored the mismatch of the propagation direction of simulated waves and the line of measurement devices in Fig. 2 . In reality, the wave front moved obliquely (at an angle of about 45°; Rapaglia et al., 2011 ) with respect to this line. Therefore, the subsequent recordings of devices at B1-B3 and W1-W3 reflect the properties of different parts of the wave crest. As the channel is essentially straight, it is natural to assume -similarly to the analysis in (Parnell et al., 2015) -that the channel banks are almost homogeneous. As the ships were moving at practically constant speed and direction, it is also acceptable to assume that the properties of each wave of depression mostly depend on the distance of the device from the relevant channel margin and that the properties of the bottom morphology along this distance affect different parts of the wave front in a similar manner. With these assumptions, the mismatch of the wave front propagation direction with the orientation of the line of measurement devices will only lead to a certain shift in the timing of the measured and the simulated signal.
RESULTS
Simulated and measured wakes
Figures 6 and 7 present typical examples of the comparison of numerically replicated depressions with the measured data for each gauge over the beach-side and the lagoon-side bank of the channel, respectively. Although the initial wave shape is smooth and symmetric (and thus very different from the measured signal), the shape of the simulated wave (including the initial small and long wave of elevation) largely matches the measured wave profiles. This suggests that the numerical model reasonably describes the major features of wave propagation and transformation (such as the smoothing of the front slope of the wave and the steepening of the rear slope (see Figs 6 and 7) ) in the framework of nonlinear shallow water theory. Although in the navigation channel weakly nonlinear approaches are apparently also adequate, the nonlinear framework should be applied at the side banks and in the lagoon. The height of the depression, although on some occasions replicated adequately at all measurement locations (Fig. 7) , is often underestimated at intermediate locations W1, W2, B1, and B2. Interestingly, the match is particularly good at locations W3 and B3.
The condition | | (5 9)h η > (Didenkulova et al., 2006; Zahibo et al., 2008 ) is usually satisfied starting from a certain location for largest waves on the coastal side of a channel. This means that in the strongly nonlinear environment a shock-like rear slope of the wave trough appears almost instantaneously and that the wave propagates into the shallow area as a bore (Parnell et al., 2015) . Some fluctuations ahead of the shock are evidently caused by irregularities of the bottom profile. In general, even these wave troughs can be well described by the numerical solution, which in extreme cases can have different nonlinear effects (Pelinovsky and Rodin, 2012) .
Comparison of the maximum measured depression depths at different locations with the numerically replicated values (Fig. 8) demonstrates that the numerical approach tends to overestimate the wave height. The parameters of the linear regression line (in which the locations used for the calibration are excluded) max (measured) max (simulated) 0.27 0.32
show that simulations overestimate the wave amplitude on average by more than 40%. It is natural that the match is almost perfect for the locations at the channel margins, where the initial parameters of virtual disturbances (6) were calibrated. The match is relatively poor for locations B1, B2, W1, and W2, where the maximum water level dropdown is often overestimated by a factor of two or even more. However, as Fig. 8 demonstrates, the match of measured and simulated depths of the depression is almost perfect at the remotest measurement locations B3 and W3. This feature suggests that the numerical model, even though it fails to reproduce some features of the near-field propagation of depression waves, eventually adequately replicates the future propagation of these waves into the lagoon. In general, it demonstrates a good agreement between calculated and real data considering the crudeness of the approximation in the mathematical model. The spreading of calculated and measured data can be evaluated using the classical root mean square difference 
Long-term propagation of simulated wakes into the lagoon
To estimate the practical significance of the permeable rock wall at the Malamocco-Marghera industrial channel and the risk of dangerous high-amplitude depressions followed by bore-like phenomena occurring in the Venice Lagoon (e.g., in case of the absence of such a wall along other sections of the channel), we simulated the further behaviour of the disturbances over a plane seabed. In other words, we ignored the wall and looked at the fate of such waves (with initial profiles chosen as described above) in water of constant depth.
As the simulations were in good agreement with the measured data, particularly at the most distant sites B3 and W3 from the channel, it is likely that the simulations adequately replicate the far-field situation in the lagoon. It is reasonable to use a constant depth in the lagoon instead of real bathymetry because the impact of the actual bottom on the wave propagation cannot be replicated by the model. Two processes have the largest effect on the wave motion. On the one hand, the depth in the lagoon is (at least over low tide) generally much less than 2 m and thus nonlinear effects tend to steepen the rear front of the depression much more strongly than in the simulations. On the other hand, the wave loses its energy and compactness while interacting with and reflecting from the inhomogeneities of the bottom profile. Thus, the depth of the lagoon is assumed constant and equal to the water depth immediately at the channel side of the wall (2 m). As we are specifically interested in the far-field behaviour of the vessel wakes, in numerical experiments we ignored the presence of the coast for wakes propagating along the western bank and investigated also the possible fate of these depressions in water of constant depth.
It is debatable how large the 'safe' height of the depression far from the navigation channel is. A usual requirement is that the vessel-induced wave height max H (in metres) should not exceed the limiting value (Parnell and Kofoed-Hansen, 2001) 
at a still water depth of 3 m. Here T is the period of the waves in seconds. The usual period of high and dangerous vessel waves of elevation is 9-12 s (Parnell and Kofoed-Hansen, 2001; Soomere, 2007) . For waves with a period 12.5 s the limiting value is max 0.3 m. H = Although the effective period of depression waves is much longer, expression (9) becomes irrelevant for even longer waves. Also, waves below 0.3 m are usually harmless for coasts and their ecosystem. Moreover, disturbances below this height are already weakly nonlinear and evidently rapidly lose their bore-like properties. Based on these arguments, it can be assumed that a 'safe' trough amplitude for people and small boats in the lagoon, and possibly for the environment, is 0.3 m.
A typical example of a relatively large depression that propagates into the lagoon has the amplitude of the initial Gaussian-shaped depression A 0 = 1 m and the characteristic half-size l = 200 m. An initial depression (6) with these values matches well the shape and amplitude of the wake of the Vigor SW at the channel margin (Fig. 6 ) and is representative of the wakes that occur most frequently in the Malamocco-Marghera channel. Snapshots of the profile of this wave at selected time moments (Fig. 5) demonstrate that the depression develops a characteristic skewed V-like shape after some time. A time-space diagram (Fig. 9) shows that despite energy loss and reflection in the process of interaction with the slope of the channel, in the absence of the wall the wave height remains well over 0.3 m after a long incursion into the lagoon. The height of this depression falls to 0.3 m only after the pulse has travelled about 1500 m (equivalent to about 400 s) from the location of the wall. Even if we assume that the simulation overestimates the height of the depression (cf. Eq. (7)), the depression wave will cover at least 700-900 m before it becomes less than 0.3 m high. This conjecture is consistent with the observation by Rapaglia et al. (2011) that a 0.8 m high wave remained > 0.3 m high at a distance of about 300 m from the channel margin.
Numerically replicated properties of a selection of wakes in the lagoon under the above-described initial and simulation conditions evolve in a very similar manner (Fig. 10) . The initial propagation corresponds to the wave motion in idealized conditions (constant water depth equal to the depth of the bottom of the navigation channel) during which hardly any changes occur in the properties of the depressions. The wave amplitude increases rapidly when it reaches the beginning of the side slope of the channel. The maximum amplitude (comparable to the recorded values) is reached near the channel margin. Further propagation is accompanied by a gradual decrease in the amplitude whereas the amplitudes of different initial impulses rapidly level off and become almost equal after ~ 50 s (~ 200 m) propagation into the lagoon. Further changes in the waves are almost independent of the initial properties. To understand how even larger-amplitude depressions may behave in the lagoon, we also consider a hypothetical case with characteristic half-size l = 182.5 m and extremely high initial amplitude of 2.5 m (matching the largest of the measured depression waves at the channel margin). This hypothetical disturbance creates an unrealistically deep depression (almost 6 m) at the channel slope. Its height is rapidly reduced to the level of real wakes at the channel margin and soon becomes almost equal to the height of the numerical replication of the largest measured wakes.
Importantly, the heights of all simulated wakes, including the very deep hypothetical one, level off after some propagation time (Fig. 10) . This feature suggests that several real wakes may produce depressions of the maximum theoretically possible amplitude in the Venice Lagoon. Moreover, it is likely that the further propagation of such entities is almost independent of their initial amplitude. Consequently, even depressions of relatively modest amplitude may keep their height at a dangerous level over long distances.
The shapes of various measured and simulated depressions are largely different at the channel margin (Figs 6 and 7; see also Parnell et al., 2015) . Similarly to the wave heights, the shapes of depressions also become similar after longer propagation distances (Fig. 11) . Their characteristic features are a gently sloping front and a very steep rear, even at a distance of > 1 km from the navigation channel. Although building up and keeping this shape may reflect specific features of the evolution of idealized Riemann waves and dispersion effects eventually triggering the formation of waves of elevation after some time, it is likely that the bore-like appearance of the rear of the depression waves may be preserved over substantial distances.
DISCUSSION AND CONCLUDING REMARKS
The environmental impacts of vessel-generated waves have received considerable attention in the international scientific and engineering literature. The increase in water level associated with the leading edges of the waves is commonly regarded to be of largest environmental significance. With the exception of studies on sediment resuspension and turbidity (e.g., Rapaglia et al., 2011; Göransson et al., 2014) there have been few studies on the impacts of depression waves produced by various ships (Forsman, 2001) . Previous research (Parnell et al., 2015) has demonstrated that unexpectedly high (up to 2.5 m) and extremely long depression waves are generated by moderately-sized ships sailing at very moderate depth Froude numbers (< 0.5) and low blocking coefficients (< 0.14) in channels surrounded by extensive shallow banks. These disturbances drive possibly significant but likely not exceptional water velocities (cf. Rapaglia et al., 2011) in the channel itself. Our research addressed the possibility for these depression waves to propagate virtually freely away from the navigation channel and to penetrate onto wide and shallow shoals (estuary, river bank, shallow lagoon, etc.). These extremely long (typical periods of > 40 s and associated lengths > 250 m) waves experience transformations characteristic of strongly nonlinear Riemann waves on the water surface when they reach the channel margin (Parnell et al., 2015) . Their front keeps a modest slope but their rear develops an extremely steep, near-breaking slope, or even a bore-like feature at a distance of much less than 100 m from the channel margin. The resulting water velocities and the overall possible environmental impact (Rapaglia et al., 2011; Gelinas et al., 2013) are likely much larger than those derived from common expressions for linear or weakly nonlinear waves (Parnell et al., 2015) .
The simulations first of all demonstrate that a disturbance of considerable amplitude continues to move as a strongly nonlinear wave to a substantial distance. The amplitudes of very deep depressions rapidly (within 20-30 s) level off to a value that is apparently limited by the water depth. The multi-step structure of the rear slope (that exists at the margin of the navigation channel, equivalently, at the seaward slope of the shallow area, possibly owing to the presence of reflected wave components) disappears after a period of time. Importantly, the nonlinearity continuously acts towards building up a very steep rear slope of the depression and (in cases when dispersion can be neglected) the disturbance obtains a shape characteristic of Riemann waves of depression: a relatively gentle slope followed by a steep rear.
The amplitude of such depressions for the disturbances that are representative of the frequently occurring wakes in the Malamocco-Marghera channel in the Venice Lagoon remains at dangerous levels (> 0.3 m) for distances of more than 1 km in our simulations. The actual depth of the lagoon is usually clearly smaller than the water depth at the channel side of the wall. The cause of this difference is that erosion on the channel side has removed some sediment from the bottom as the wall was originally built on a flat bottom more or less simultaneously with the dredging of the channel. Therefore, it is reasonable to assume a shallower depth for the lagoon side of the wall than used in the model (2 m). This means that nonlinear effects are eventually greater than in the performed simulations and the steep borelike feature may persist for an even longer time.
As the heights of all such depressions may become almost independent of their initial properties, even modest ships in terms of their size, sailing speed, and blocking coefficient may generate wakes that travel as compact entities over extensive areas of the lagoon adjacent to the navigation channels. Their impact may potentially lead to extensive resuspension and transport of bottom sediments and substantially increased levels of environmental consequences of ship wakes in this and similar water bodies. An adequate evaluation of these phenomena requires application of fully nonlinear approaches to describe the propagation of the depressions.
